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J(;hI-1~ atld a dcdicatcd  IIILd Cl of the radiaik)li  f~}rws ticlitl~  on the SiItiCCCIafI~-4.  ‘1’lIc
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(yqx}liullity  to dcllmlwtliik  tlIcsc tcclllliqws with a hif.h clwlity  flight Iccfivcts.
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Using cirita fnmi both freque.ncie.s to calibrate the immsphc.tic  ciclay, the flight
receiver  mie.asutcs the range. bctwcmn  the phaw center of its ahtcmia and the GPS satellite
ante.nna, plus the offset be.tww.n  the transtliitter  and remiwr clocks  (pse-udorangc).  3’lIc
ground  rcwiwrs see. an aciciitionai  cieiay Muscxi by the. e.arlti’s  troposphere. III aciciition  to
the pse.uciorange,  the re.ccivc.ls  continuously ~llcasu[e.  the phase of the 1.-bami car I iers.
Ibis cart ier phase nmasuretlient  is icie]lticai  to the. pseu(iotangc  n~e.asureme.nt cxc.ept  that
it is about mm huncircxi  time.s nmte i]le.cise atl(i has arl arbitrary bias rc.suitinpt  fronl the
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unknown number of whole. cycles  between the transmitter and rewiver,  the inititii  phase
bias, and various instrumental delays. ‘l’he observable are therefore

pscruiorangc  = ranjy  + clock_ oflwt  i troposphere + noise [1]

carrier_phase = range + clocktiofi~et  + troposphere + Lias

~lese two equations are. simplified versions of the actual model for the measuremen~s.  A
complete description is given in Ref. 12.

Signals from up to six CiPS satellites are received simultaneously by the GPS
Demonstration Receiver (GPSDR)~  on TOIWX/kIOSIjlDON.  At least 5 CIPS sate.llitcs  are
observed W% of the time and at least 4 are observed 96% of the time Note.  that with 4
GI’S being observed, if we were not adjusting any other parameters we could  determine
the satellite position and clock  at e.ac.h measurement time. Of course this is not the
optimal strategy, but it gives an idea of the basic power of GPS compared to both S1 .R
and DORIS which do not have continuous cnverage  or observations in many directions at
one time. Each Rogue  or l“urboRogue  receiver on the ground can observe up to 8 CZPS
satellites simultaneously. Typically a ground receiver is observing 5 or more GPS
sate.llite.s  90% of the time and 6 or more 72% of the time. Grrier  phase. me.asuret[ients  on
TOPIWPCXEIDON are recorded every second, while pseudorange  measurements are.
smoothed and recorded  every 10 srxxmcls.

‘l’he ground receivers record both data types every 30 seconds, again smoothing
pseudorange  measurem)en~s  against the carrier over the full interval. The GPSDR data are
taken at the higher data rate in order to interpolate measurements accurately to a common
time with the ground network while frequency dithering under selective availability (SA)
is active. This is necessary because the clock onboard  TOPEX/POSEII)ON k not regularly
reset, and may drift by large amounts (seconds) with respect to time kept on the. ground,
leading to asynchronous sampling between the flight and ground receivers. With
accurate interpolation to common  times the cffecLs of SA are effectively removed Is in the
subsequent differential processing. SA introduces a frequency variation in the GPS
satellite clock, which we can observe and removed with simultaneous ground data.

Data from both the ground network and GPSDR are compressed in a prcprcxxssing
step to a 5 minute interval. In this step, the pscudorange  data are again smoothed against
the carrier to improve precision, which typically reaches 20 cm for the dual frequency
ground  pseudorange  and 70 cm for the flight data, after S-rein compre.~sion.  Because of
the inherently high precision of the phase. data, no smoothing of phase is attempted.
Phase point.. are simply selected at five minute intervals, giving typical system noise of
0.2 mm for the dual-fre.que.ncy glound  data and 2 mm for the flight clata.

DATA PROCESSING SOFTWARE AND MODELS

Data processing was performed with the GIPSY-OASIS II analysis software.12~16  and
an orbit integrator written by Sunse.ri19. “l”he  main components of the analysis software
are a GPS data editor, orbit integrator, measurement model generator, and filter/smoother.
Tie. data editor operates on a combined set of dual frequency GPS phase and Pseudordnge
nieasureme.n~s  and detcc.Ls  cmtliers and carrier phase discm~tinuities16.
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The orbit integrator performs a numerical integration of the satellite mbit using a
nominal initial state and a set of high accuacy  models of the forcfis acting on the satellite,
It also computes partial derivatives of the current state of the spacecraft with respect to
the dynamical and epoch state parameters. I’his initial trajectory and the partial
derivatives are written to a file to be read by the measurement model program,

The force models  for TOPEX/POSEIIX)N  include the JC;M-1  gravity mode] deve]o~,d

at the Goddard Space Flight Center  and the. lJniversity of Texas at Austin specifically for
TOPEX/POSElDON2,  atmospheric dra ,

?
Earth albedo,  solar radiation pressure, and thermal

radiation emitted by the, satellited~-  . In addition to these forces, there is an empiriai
acmleration  parameter, ii, of the form

i- I
[3]

where ~, ii, and fii are constant vectors in the coordinate system oriented in the
nominal spacecraft along track, radial, and cross track directions. The frequencies ~i are
once and twice per revolution of TOPEX/POSEII)ON  and 2 is time past an-epoch. ~artia]
derivatives of the current state with respect to the coefficients C, A i, and Bi are
computed. In addition, partial derivatives of the C~PS satellite current states with respect
to their epoch states and the Rock IV solar pre~sure mode114~15  are computed.

After editing, the data are conrpressed to a 5 minute rate and the dual frequency
ionosphere free combinations of phase and pseudorange  are formed. In the compression
step the pseudorange  data are smoothed against the carrier over the entire S-rein interval,
while the phase is simply sampled at the appropriate times. The nominal trajectory is then
used to compute model GPS observable and partial derivatives of those observable with
respect to the adjusted parameters. The observable model program reads spacecraft
postions and partials with respect to dynamical and epoch state parameters from the file
written by the integrator, In addition to partials of the observable with respect to
dynamical parameters, partial derivatives of the observable are computed with respect to
ground station position, zenith troposphere delay, earth orientation, the geocenter, GPS
clocks, and receiver clocks. The model includes relativistic effecL$,  solid-earth tides, pole
tides, phase. windup due to antenna rotation, and antenna phase-center variation as a
function of azimuth and elevation,

Following the modeling step, the filter/smoother is executed to estimate ~ large set of
parameters (specified by the user), adjusting them to minimize the mean squared
difference between the GPS observations and the computed model. In its simplest form
the filter/smoother would produce a conventional least squares solution; but to obtain a
more aczurate orbit some parameters are treated as stochastic processes using a Square
Root Information Filter (SRIF) formulation,zd  The parameters adjusted in our standard
solution strategy are summarized in Table 1.



In these solutions, all clock.. in the system are modeled as white noise processes with
no apriori constraint, except for one which is held fixed as a reference clock (hydrogen
maser at Fairbanks), The zenith troposphere delay at each ground station is modeled as a
random walk which allows 1 cm/hour change in the z~nith delay. For the 30-hour data
arcs, the parameters of the Rock IV solar pressure model are treated as colored process
noise with a 4 hour correlation time and sigma of 10% at each batch time. For data arcs
shorter than 30 hours these parameters are treated as constants

In the reduced dynamic solution, the TOPEX/POSEIDON  state and the empirical
constant and once- and twice-per-revolution accelerations (Eq. 3) are first adjusted to
convergence, which generally takes two or three iterations through the filter producing a
dynamic solution. This iteration of the dynamic solution is performed so that the final
adjustment of stochastic accelerations will be in (or very close to) the linear regime. In
the last (reduced dynamic) step, a final adjustment is made of the TOPEX/POSEIDON  state
and all other previously adjusted parameters, except for the empirical once- and lwice-
per-rev parameters, which are now held_ fixed. Instead, a stochastic adjustment of the
constant accelerations is performed (C, Eq. 3). These accelerations are given a
correlation time of 15 min with batch-to-batch sigmas of 10 nanometers/sec2  in the
radially and 20 nm/sz  in the. cross and along track directions for the 30 hour arcs. In
earlier results with 24 hour arcs, sigmas of 25, SO, and 50 nm/s2 were used. It is the
geometric strength of the GPS obse~ations  that allows these arbitrary final adjustments.

T

state
Clock
empirical acceleration

stochastic
acr.elcration

8“

111.E 1. S[JMMARY  OF ADJUSTED PARAMEI

GPS Ground Station

state bcation
Clock Ctock
Rock IV solar press Troposphere

:IL’1

Farth 4
Polar Motion
UT1-UTC rate
Polar Motion rate

TESTS

Residuals

Fizures 3 and 4 show the GPS12R residuals for a typical 30 hour arc to each GPS
satellite in view. Fig, 3 gives the phase residuals for th~ converged dynamic solution,
Note that there is some information left in the residuals when compared the the receiver
system noise of 2 mm. After the final reduced dynamic adjustment we see an RMS phase
residual of 4.3 mm.
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comparisons with DORIS

DORIS is a precise one-way Doppler tracking system onboard TOPEX/POSEIDON.
This system was first tested 1990 on the French remote sensing satellite SPOT2, and has
proven very accurate for orbit determinationzo  and for precise point positioning21~2q.  It is
the operational French precise tracking system for TOPEX/POSEIDON.

Two important differences between DORIS and GPS are: DORIS is an uplink
system (the signal is transmitted from the ground to the satellite, in order to avoid costly
ground telecommunications) and DORIS provides Doppler (range rate) data onlyzz.
Presently the DORIS tracking network consists of 42 permanent sites, providing nearly
continuous 1-dimensional tracking of TOPEX/POSEIDON.

In order to evaluate the GPS reduced dynamic orbit, a DORIS orbit was generated
for 3 test days with the GIPSY-OASIS  11 software. Estimated parameters included the
epoch state vector (position and velocity of the satellite), a constant empirical along track
acceleration, once-per-rev empirical accelerations in the along track and cross track
directions, and zenith tropospheric delay and clock rate parameters for each station for
each pass. F~rth rotation parameters were held fixed to the IERS Bulletin B final values.
~le typical RMS for the DORIS postfit residuals was 0.5 mm/s (a bit bigger than the
thermal noise level of 0.3 n~m/s).

The DORIS dynamic and the GPS reduced dynamic solutions were computed in an
inertial coordinate frame and difference. The result showed a 2.3 cm bias and a S.5 cm
standard deviation, In this comparison, it should be noted, many factors are different: data
type, tracking network, and data analysis strategies. Table 2 summarizes the comparison.

TAIIIX  2. RADIAI. ORBIT DIIWEREN(X  DORIS - GPS REDUCED DYNAMIC, 24 HOIJK ARC

M e a n  D-cm) Std. Deviation(cm)

280 -2.6 4.9

288 -2.0 5.4

290 -2.4 6,7

For oceanographic purposes, only the radial component of the orbit is important. For
orbit comparisons, however, it is also important to examine the cross-track and along
track components (to look for terrestrial referen~ frame differences, for example). Fig. 5
shows the difference over time of the DORIS dynamic and GPS reduced dynamic orbits.
A once-per-revolution signature appears prominently in the cross track difference but is
more subdued in the altitude and along  track components.
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Since the dominant error source in DORIS tracking is expected to be mismodeled
dynamics, other tests to are needed asses the accuracy and precision of the GPS reduced
dynamic solutions. One such test is overlapping data arcs. For the period of Dec. 21 to
Dec. 29, 1992, we have processed nine 30-hr GPS data arcs with 6 hrs of overlap between
arcs, as indicated in Fig. 5. The RMS differences over the 6-hr overlaps for all three
components are shown in Fig. 6. The average for the eight overlaps is 3.0 cm in altitude,
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03:00  Day +1

30 Hour Arc ~~ , 7
A. 30 Hour Arc

t
21:00 Day -17

21: OODay0

n Box indicates 6 hour
overlaD

Hg. 5 Overlapping Data Area

3.4 cm in cross track. and 6.5 cm in alorw track. The postfit residuals for the GPSDR
phase measurements a;e typically 4-5 mm. ~rom that va(ue alone on might expect  smaller
RMS orbit discrepancies on the overlaps, but that does not take into account the errors in
GPS orbitis, Figure 7 shows the average for all GPS satellites of the 3-D RMS overlap
difference for the same 6-hr overlap periods. Errors in GPS orbits do not translate directly
into errors in the TOPEWPOSEIDON orbit  but are redu~ by rowhly a factor Of ten”
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Figure 8 shows the difference of a 30 hour arc centered on Dec. 27 and the one
centered on Dec. 28. We will investigate the systematic nature of the difference in the
orbits in future work,

CONCLUSIONS

The results in this paper are preliminary. Much more data must be analyzed and
many more comparisons made both with DORIS and with SLR orbits before we can draw
any firm conclusions. Based on the analyses to date, we estimate the typical GPS reduced
dynamic orbit precison  precision to be 3-4 cm in altitude, 4-6 cm in cross track, and 6-
8 cm in aiong track. Gmparisons  with the DOR?S  tracking system indicate an accuracy
S-7 cm in altitude.
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